Remote sensing was used in a series of experiments over a three-year period to obtain spectral reflectance data for studying differences in vegetation indices between grasses, broadleaf plants, and grass/broadleaf plant mixtures. 
Introduction
Tarnished plant bug has become the key pest of cotton in many cotton-producing areas of the United States. Recognition of the importance of potential tarnished plant bug damage to cotton in the past often has been diminished by the severe damage potential and high control costs of boll weevil, Anthonomus grandis Boheman; bollworm, Helicoverpa zea (Boddie); and tobacco budworm, Heliothis virescens (Fabricius) [1] . However, pest status of tarnished plant bug has changed in many areas from a short-term early-season pest to being the primary reason for insecticide applications throughout the growing season. Layton [1] gives four reasons for the increased importance of tarnished plant bug in cotton, (1) development of insecticide resistance to organophosphate and pyrethroid insecticides [2] - [4] , (2) boll weevil eradication [5] , (3) increased adoption of transgenic Bt cotton and the associated decrease in coincidental control of tarnished plant bug with insecticides applied to control caterpillar pests, and (4) loss of coincidental control of tarnished plant bug when modern caterpillarspecific foliar insecticides are used.
The evolution of tarnished plant bug from an occasional pest to the key pest of cotton in many cotton-producing areas also reduces other potential values of boll weevil eradication and transgenic Bt technology, e.g., benefits such as reduced adverse environmental residues of chemical pesticides, less selection for insecticide resistance, and greater preservation of natural enemies of pests. Increasing tarnished plant bug control frequency, difficulty and cost are particularly important in areas where large investments have been made in boll weevil eradication and transgenic Bt technology. The economic value of these technologies is reduced when an opportunistic pest like the tarnished plant bug requires multiple and expensive insecticide applications. McKinion et al. [6] saw the potential for targeted or site specific application for control, and developed technology for using geographic information system-based map scouting and special techniques to obtain low-level insect population counts in both rapidly growing and poorer growing areas of cotton.
It is clear that effective and non-chemical insecticide methods for management and control of tarnished plant bug are needed. For that reason, the United States Department of Agriculture, Agricultural Research Service (USDA-ARS) began an area-wide research and technology-transfer project for managing tarnished plant bug by reducing alternate host plants in marginal non-crop areas in the Mississippi Delta prior to the growing season [7] .
The tarnished plant bug may utilize more than 300 species of host plants [8] - [10] , of which 169 host-plant species have been identified in the Delta region of the mid-South [11] . This region also has a limited proportion of its area (2.4% in one study) in non-cropland areas where undisrupted development of broadleaf-and broadleaf/grass-plant communities normally occur [12] . This relatively small area is important in the dynamics of tarnished plant bug population development. Three or four generations of plant bugs can be completed on these alternate host plants before they senesce and the bugs move to infest cultivated cotton fields. Reproduction on early-season host plants may prove to be a weak point that can be exploited in development of tarnished plant bug management tactics.
The approach used in the USDA-ARS area-wide tarnished plant bug management project has been to mow or apply herbicides to the non-crop areas for destruction of broadleaf plants (winter and spring food and reproductive hosts of tarnished plant bug) and reduce population increases of plant bugs that would later invade cotton [7] [13]- [16] . Tarnished plant bug adults and nymphs were reduced almost 50% in treated areas and costs for insecticides to control tarnished plant bug were reduced but not eliminated on farms within the treated areas [7] . One of the assumptions of this technique is that tarnished plant bug is primarily attracted to broadleaf hosts so that vegetation management could be focused on destruction of broadleaf species. The ability to detect wild host plant areas with geo-spatial technologies could facilitate the site-specific application of vegetation management strategies to reduce tarnished plant bug populations before the cropping season begins. This model for area-wide management of tarnished plant bug may be used with other suppression tactics such as mycoinsecticides [17] and sterile-insect releases [18] , where the efficiencies of limited area applications would be important. In addition to numerous other biological, technical, strategic, and tactical aspects of any proposed area-wide tarnished plant bug management program, efficient and reliable location of non-cropland winter and spring host-plant communities will be an essential operational component. Remote Sensing is a promising geo-spatial technology that has shown promise as tool for detecting crop areas [19] and alternate host plants infested by pests [20] [21] . This technology may provide the data necessary to characterize and map plant communities (crop and non-crop) in a target landscape where area-wide management tactics will be applied to limited areas.
Vegetation indices (mathematical combinations of spectral band reflectance data, i.e. ratios, differences, or ratios of differences and sums) derived from remotely-sensed imagery data have been used to assess various vegetation features such as biomass, moisture content, stress, plant health, crop and discrimination, and crop production [22] - [24] . These relative expressions are designed to amplify measurable differences in reflectance specified by spectral bands for vegetation of interest. Analysis of indices based on such differences may provide sufficient information to identify, or more likely to generally classify vegetation by species, species mixtures, or habitat type. Researchers have employed remotely-sensed vegetation indices in insect management research to classify cotton fields into high and low tarnished plant bug infestation risk management zones and to develop spray/no spray prescription maps when above threshold tarnished plant bug infestation occurred [20] [25]- [28] and to classify a cotton field into end-of-season management zones (for timing of site-specific insect control termination and harvest-aid chemical application) based on crop maturity [29] . Preliminary analyses of multispectral imagery data and spectroradiometer data acquired over uncultivated plant communities showed that late-season broadleaf hosts of tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), could be distinguished from grasses [30] . This suggests that the technology may also be useful for detection and differentiating earlyseason hosts of tarnished plant bug. Motivating factors for interest in using data acquired via remote-sensing techniques to classify plant communities are the increased importance of tarnished plant bug as a pest of cotton, and the relevancy of applying this technology in area-wide tarnished plant bug management programs.
Field-plot experiments were conducted during three years beginning in the fall of 1999 and concluded in the spring of 2002. Treatments were designed as empirical simulations of non-crop winter and spring host plants of tarnished plant bug. The objective was to determine if remote sensing techniques could be used to detect and differentiate the different plant species (grasses, broadleaves, and species mixtures). Data were also acquired on the incidence of tarnished plant bug in the plots of selected plants, and on the effect of broadleaf host plant destruction.
Materials and Methods

Field Plot Establishment
Field plots were planted at Stoneville, MS for the remote-sensing and tarnished plant bug studies to be conducted the following winter and spring. On 18 November 1999, a test containing the following plant species (eight host-plant treatments) was planted in plots with a four replicate randomized complete block (RCB) arrangement (n = 32 plots): broadleaf plants-radish, Raphanus sativus L.; crimson clover, Trifolium incarnatum L.; winter pea, Pisum sativum L.; and hairy vetch, Vicia villosa (L.) Roth; and grasses-Italian ryegrass, Lolium multiflorum Lam.; rye, Secale cereale L.; wheat, Triticum aestivum L.; and oats, Avena sativa L. On 25 October 2000, a test containing the following plant species and mixtures of species (five host-plant treatments) was planted in plots with an eight replicate RCB arrangement (n = 40 plots): Italian ryegrass, hairy vetch, crimson clover, a Italian ryegrass/hairy vetch mixture; and a Italian ryegrass/crimson clover mixture. On 9 October 2001, a test containing the following plant species and a mixture of species (three host-plant treatments) was planted in plots with an eight replicate RCB arrangement (n = 24 plots): Italian ryegrass, hairy vetch, and an Italian ryegrass/hairy vetch mixture.
Plots were approximately 256 m 2 (16 m × 16 m) and square or slightly angled parallelograms bordered on each side by a 5-m wide tilled alley. Seedbed preparation was accomplished by tilling the test area with a disc harrow and seedbed conditioner (reel, harrow, and drag) to remove all vegetation and to provide a level and uniform soil surface for planting. Seeding was accomplished with an all-terrain vehicle mounted cyclone-type seeder. Seed rate and coverage provided complete and uniform coverage of the plots with the designated plant species when percent germination was high. In 1999, germination proved to be low in some plots, a function of seed quality and cool temperatures following the 18 November 1999 planting date. A follow-up seeding was done in early December 1999 with a hand operated cyclone-type seeder. No follow-up seeding was done in the fall 2000 and 2001 plantings. Where mixtures of two plant species were planted, a seeding rate was used to achieve approximately equal vegetation coverage.
Imagery Data and Acquisition Image Processing
Remotely-sensed data were acquired aerially with a Real-Time Digital Airborne Camera System (RDACS) sensor on 25 
Vegetation Indices
The vegetation indices were calculated with reflectance data of the spectral bands described above, i.e. bands characterized by the wavelength of each band center-green (540 or 550 nm), red (660 or 695 nm), and near infrared (NIR) (800 or 850 nm). Wavelength centers depended on whether the RDACS or Geospatial Systems imaging systems were used. The following six vegetation indices were calculated from imagery and analyzed: (1) the normalized difference vegetation index (NDVI Equation 1) is a widely used vegetation index [31] , essentially the standard vegetation index; (2) the ratio vegetation index (RVI Equation 2) was defined earlier than NDVI and provides similar information for dense vegetation cover [32] ; (3) green normalized difference vegetation index (GNDVI, Equation (3)) is a variation of the standard NDVI [33] ; (4) green ratio vegetation index (GRVI, Equation 4) is similar to RVI but green replaces red in the equation [34] ; (5) the green vegetation index (GVI, Equation 5 ) is a ratio of the difference and sum of green and red band reflectances [35] ; and (6) the Ashburn vegetation index (AVI, Equation (6)) is a simple calculation of the difference in radiance between NIR and red [36] . The equations used to calculate the vegetation indices are as follows:
Reassignment of Treatments for Insect Study
After imagery acquisition was completed and in preparation for tarnished plant bug studies, there was need to reconfigure the experimental design 
Field Plot Observations
In addition to remote sensing acquisition of reflectance data, various observations for biological data acquisition were made each year in the field plots. Relative ground cover estimates for each plant species were made in the plots and recorded as percent ground cover. These ground cover estimates (visual observation and subjective judgment of percent coverage) were based on the discussion of [37] . 
Statistical Analyses
All data were subjected to analysis of variance (ANOVA) and test of mean differences by a least significant difference comparison (LSD) (P ≤ 0.05) (PROC GLM Procedure, SAS Institute, Inc. 2003, Cary, NC).
Results
Imagery
Vegetation indices calculated from multispectral imagery data acquired on 25 February 2000 are summarized in Table 1 . These data show statistically significant differences in all mean vegetation index values between the four broadleaf species compared with the four grass species in the pure stands in the experiment. Differences are also apparent in the color infrared image of the 2000 experiment derived from imagery acquired on 25 February (Figure 1) . Poor stand establishment and/or slow growth of hairy vetch and crimson clover in 1999/2000 resulted in low percent ground cover ratings for these species ( Table 2) . This is probably why vegetation indices for these two species were significantly different in most cases from those for radish and winter pea. Only mean GNDVI and GVI showed up differences between radish and winter pea. All two grasses showed relatively high percent ground cover ratings on all rating dates ( Table 2 ). There were no significant differences between grasses Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05). a Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05). for vegetation indices that were based on reflectance in red and near infrared bands, i.e. NDVI, RVI, and AVI. There were significant differences between grasses for vegetation indices that were based on relative reflectances in green and near infrared bands and in green and red bands, i.e. GNDVI, GRVI, and GVI ( Table 1) . Vegetation indices calculated from multispectral imagery data acquired on 6 April 2001 are summarized in Table 3 . The later date for imagery acquisition in 2001 than in 2000 allowed greater plant growth and more ground cover than had occurred at the earlier date in 2000. However in these data, vegetation indices for crimson clover were influenced by a poor stand. Percent ground cover estimates presented in Table 4 show near 30% or less cover before application of herbicide in the pure stand of crimson clover. Therefore, the data for crimson clover and Italian ryegrass/clover are ignored. Vegetation index differences between Italian ryegrass and hairy vetch were not as large in the 6 April 2001 data as in the 25 February 2000 data, but there were significant differences for RVI, GNDVI, GRVI, and GVI. The differences in Italian ryegrass and Italian ryegrass/hairy vetch were not statistically significantly different (P > 0.05), except for mean GVI values. Vegetation indices for the Italian ryegrass/vetch mixture were very close to those for the pure stand of Italian ryegrass and indicate that mixtures of grass and broadleaf species may be difficult to distinguish from pure grass stands. However, mean GNDVI, GRVI, and GVI (vegetation indices that involved the green spectral band) for the Italian ryegrass/hairy vetch mixture consistently, but not significantly, ranked intermediate to those indices for the pure stands of Italian ryegrass and hairy vetch. Vegetation index means were higher in most cases (exception was GVI) for pure Italian ryegrass and Italian ryegrass/hairy vetch mixture plots than for pure hairy vetch plots ( Table 3) .
Vegetation indices calculated for multispectral imagery data acquired on two dates in 2002 are summarized in Table 5 . Percent ground cover ratings ( Table 6) 
Tarnished Plant Bug and Host Plants
First collections of tarnished plant bug from broadleaf host plots occurred in late February of 2000, but counts did not reach consistently measurable levels until late March (Figure 2) . Tarnished plant bug counts increased from late March until reaching peak levels in early May, then declined as host senescence began. Tarnished plant bug preference for broadleaf hosts is shown by higher numbers sampled in the broadleaf species than in the grass species (Figure 2 and Figure 3 , note the ten-fold higher scale for tarnished plant bug on broadleaf species than on grass species). Radish was an attractive host plant for tarnished plant bug from late March Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05). Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05). Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05); throughout the remainder of the sample period (February-May). The highest tarnished plant bug numbers in the study were collected from radish plots, followed by crimson clover, hairy vetch, winter pea, and the grass species. Low levels of tarnished plant bug were collected from grasses, particularly Italian ryegrass and rye ( Figure  3 ).
Effect of Broadleaf Host Plant Destruction
The first collections of tarnished plant bug in 2001 occurred in some of the plots in mid-March, but populations did not occur consistently until early April. In samples taken just prior to herbicide application (6 April 2001), tarnished plant bug populations (adults) were significantly greater in the hairy vetch and Italian ryegrass/hairy vetch plots compared with the other plots ( Table 7) . Percent cover of hairy vetch was reduced following the herbicide application while there was no significant change in the untreated plots ( Table 4) . Crimson clover did not establish complete stands in plots in 2001. At the first post-application sampling date (11 April 2001), average tarnished plant bug counts were significantly greater in hairy vetch or Italian ryegrass/hairy vetch plots than in Italian ryegrass or crimson clover plots (data not shown). In plots planted with hairy vetch, tarnished plant bug counts averaged over three post-application sample dates were significantly higher in untreated hairy vetch and Italian ryegrass/hairy vetch plots than in herbicide treated hairy vetch and Italian ryegrass/hairy vetch plots ( Table 7) . As in 2000, low numbers of tarnished plant bug were collected in Italian ryegrass plots when the plants reached anthesis (11 April 2001-data not shown). All Italian ryegrass plots (both Italian ryegrass alone and Italian ryegrass in combination with a broadleaf species) showed low level tarnished plant bug infestation after a herbicide application when averaged over the three post-application sampling dates ( Table 7) . By the last sampling date (20 April 2001) , average tarnished plant bug counts were highest in the untreated hairy vetch and Italian ryegrass/hairy vetch plots, and there were 91% and 84% reductions in tarnished plant bug numbers in both herbicide treated hairy vetch and Italian ryegrass/hairy vetch mix plots, respectively, compared to the untreated hairy vetch and Italian ryegrass/hairy vetch plots.
In 2002, tarnished plant bug first occurred in some plots in mid-January, but populations did not start to significantly increase until the last week of March. Before herbicide was applied, tarnished plant bug numbers were lower in pure Italian ryegrass plots compared with the other plots containing hairy vetch ( Table 8 ). The herbicide reduced the percent cover of hairy vetch in treated plots while there was no change in untreated plots (Table 6) . Consequently, there were higher (P ≤ 0.05) tarnished plant bug numbers in untreated hairy vetch and Italian ryegrass/hairy vetch plots than in herbicide treated hairy vetch and Italian ryegrass/hairy vetch plots ( Table 8) . As in previous years, tarnished plant bug increased in Italian ryegrass plots when plants reached anthesis (11 April 2002-data not shown). By the last sampling date (7 May 2002) , there was a 94% reduction in tarnished plant bug numbers in herbicide treated hairy vetch plots compared with untreated hairy vetch plots and a 76% reduction in tarnished plant bug numbers in herbicide treated Italian ryegrass/hairy vetch plots compared with untreated Italian ryegrass/hairy vetch plots. The average percent reductions of tarnished plant bug by the herbicide treatment over the five post-application sample dates for hairy vetch plots and Italian ryegrass/hairy vetch plots were 81% and 45%, respectively ( Table 8 ). d Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05). Means within the same column followed by the same letter are not significantly different based on least significant difference comparisons (P ≤ 0.05).
Discussion
Imagery
Differences in vegetation indices between grasses (four species) and broadleaf plants (one brassica and three legumes) suggest that use of remote sensing and geo-spatial technologies to identify and locate these and similar late winter and early spring broadleaf host plants could be useful in the implementation of area-wide tarnished plant bug management programs, especially in areas with limited non-crop vegetation communities. The various vegetation index differences between homogenous stands of grasses and homogenous stands of broadleaf plants is consistent with the work reported by [38] in which the spectral signatures of grasses produced higher NDVI values than broadleaf plants and with the work reported by [39] - [41] in which they distinguished weed and crop plants with multispectral video and multispectral digital imagery. There appeared to be more discriminating differences between vegetation indices for grasses and broadleaf plants when the indices were based on green and near infrared or green and red spectral bands than when the indices were based on red and near infrared spectral bands. This suggests that the ability for more discriminating classification of plant species and communities may be gained by future work using other bands of multispectral imagery, or with hyperspectral imagery, than has been accomplished with the conventional NDVI.
Chlorophyll concentration varies from one plant species to the next. NDVI performs well when chlorophyll concentration is low and partial plant cover exists; however, the sensitivity of NDVI is significantly affected when chlorophyll concentrations are high [42] . Saturation of NDVI at chlorophyll levels ranging from 3 -8 ug·cm −2 has been reported in the literature [43] - [46] . Vegetation indices consisting of a green spectral band have performed well when chlorophyll concentrations are high and were more sensitive to changes in chlorophyll concentrations in plant leaves [33] . For this study, it is speculated that the vegetation indices consisting of a green spectral band provided better separation between the broadleaf and the grass plant species because of their sensitivity to changes in chlorophyll concentration between the plant species.
Effect of Broadleaf Host Plant Destruction
Results of the field plot tests at Stoneville in 2000, 2001 , and 2002 confirm that use of imagery data to generally classify vegetation into broadly defined categories (i.e., annual grasses, grass/broadleaf mixtures, or annual broadleaf groups) may be sufficient for a program such as the prototypical area-wide tarnished plant bug management program that has been conducted in the delta area of Mississippi. This is consistent with results of area-wide tarnished plant bug management studies where herbicides were used to destroy non-crop broadleaf host plants in late winter and early spring [16] . The occurrence of tarnished plant bug on several grasses in the 2000 experiment (Figure 3 ) and on Italian ryegrass in the 2001 and 2002 experiments ( Table 7 and Table 8 ), especially the occurrence of nymphs on Italian ryegrass after herbicide application in 2001, indicate that this polyphagous insect can use grass as a host. This phenomenon was also observed by Abel and Snodgrass [47] who reported that tarnished plant bug nymphs feed and develop on corn, Zea maize L., another grass species. In their study, tarnished plant bug nymphs fed on and developed on corn undergoing tasseling and silking. Reference [16] reported tarnished plant bugs feeding on Italian ryegrass. Consequently, the authors changed the timing of herbicide applications in their area-wide experiment in 2000 and 2001. In their study, Italian ryegrass served as a reproductive host of tarnished plant bug only when it flowered during late April and May and laboratory feeding studies confirmed that nymphs did not develop to adulthood on non-flowering Italian ryegrass. This narrow phenological window of host suitability was also observed in our study as tarnished plant bug numbers increased in late April peaked in early May and declined by mid-May (Figure 3) . While adaptation to feeding on flowering Italian ryegrass by tarnished plant bug has required adjustments to timing of area-wide herbicide treatments, Also, the incorporation of other site-specific suppression methods, such as mycoinsecticides, the sterile insect technique, or other biological control methods, which do not limit tarnished plant bug to grass species in the spring, may reduce the bug's host-shifting potential.
Conclusions
The following conclusions can be made based on results of our study: 1. Vegetation indices calculated from multispectral imagery data showed statistically significant differences in all mean vegetation index values among the four broadleaf species compared with four grass species in the pure stands. 2. There were no significant differences between grasses for vegetation indices that were based on reflectance in red and near infrared bands, but there were significant differences between grasses for vegetation indices that were based on relative reflectance in green and near infrared bands and in green and red bands. 3. Insect data confirmed that tarnished plant bug prefers broadleaf host plants, but can use Italian ryegrass for food and reproduction. The narrow temporal window of host suitability for Italian ryegrass may limit its significance. 4 . Use of imagery data to generally classify vegetation into broadly defined categories (i.e., annual grasses, grass/broadleaf mixtures, or annual broadleaf groups) may be sufficient for a program such as the prototypical area-wide tarnished plant bug management program that has been conducted in the delta area of Mississippi. 5. Based on our results, herbicide destruction of broadleaf host plants in early spring prevented the tarnished plant bug population increases that occurred in untreated plots.
